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Emission characteristicsAbstract Each year, the ultimate goal of emission legislation is to force technology to the point
where a practically viable zero emission vehicle becomes a reality. Albeit the direction to reach this
target is a formidable challenge, homogeneous charge compression ignition (HCCI) is a new com-
bustion concept to produce ultra low nitrogen oxides (NOx) and smoke emissions. By the way, an
endeavor has been made in this work to achieve a simultaneous reduction in both NOx and smoke
levels in a direct injection compression ignition engine converted to operate on premixed charge
compression ignition mode. Indeed, these promises were made possible in this work by preparing
premixed fuel–air mixture outside the engine cylinder. For this purpose, ethanol was injected in
the intake port at various premixed ratios (5%, 10%, 15%, 20%, 25% and 30%) and conventional
diesel was injected as usual. It was extrapolated from the experimental results that e-diesel operation
can signiﬁcantly reduce NOx and smoke levels. In addition, NOx and smoke levels reduced in this
experimental study with increase in premixed fraction. Nevertheless, unburned hydrocarbons
(UBHC) and carbon monoxide (CO) emissions exhibited reverse trend with increase in premixed
fraction and the maximum value of HC and CO emission levels was noted with 30% premixed frac-
tion.
 2015 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Since their introduction, internal combustion engines play a
vital role in modern road transport. However, in recent
decades, serious concerns have been raised with regard to the
environmental impact of emissions arising from these engines.
Also, in recent days, indiscriminate extraction and lavish
consumption of fossil fuels have led to fast depletion of easilyaccessible underground-based carbon resources. As a result,
stringent emission norms have been introduced by govern-
ments around the world [1,2]. Therefore, the present energy
scenario has stimulated active research on non-petroleum,
renewable and less polluting fuels [3]. In the above perspective,
HCCI is a fuel ﬂexible combustion technology which may
prove to be a stepping-stone to a zero emission vehicle. To
proceed further, this alternative combustion (HCCI) is known
under a variety of names such as compression ignited
homogenous charge (CIHC), premixed lean diesel combustion
(PREDIC), and premixed charge compression ignition
(PCCI), [4]. However, all these names reveal two fundamental
Table 1 Test engine speciﬁcations.
Make Kirloskar TAF1
Type Four stroke, single cylinder vertical air
cooled diesel engine
Rated power 4.4 kW
Rated speed 1500 rpm
Bore 87.5 mm
Stroke 110 mm
Compression ratio 17.5:1
Oriﬁce diameter 13.6 mm
Coeﬃcient of
discharge
0.6
Port fuel injection 4.5 BTDC
Port fuel injection
pressure
3.5 bar
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ture and auto ignition of the premixed charge.
In fact, PCCI combustion is a new combustion concept to
tackle the problem of relatively high emission levels; especially
NOx and soot emissions of conventional direct injection diesel
engines [5,6]. In PCCI combustion, the improved fuel–air mix-
ing before ignition by means of early injection timing signiﬁ-
cantly lowers the maximum in-cylinder temperatures during
the entire engine cycle [7]. Besides this moderately early injec-
tion timing is adopted with the intention of improving com-
bustion phase controllability. Nevertheless, PCCI
combustion faces several technical barriers such as mixture
preparation and high UBHC and CO emissions [8,9]. The
increasing UBHC and CO emissions can be reduced either
by using direct oxidation catalysts or the inﬂuence of a second
fuel injection timing as reported by Qiang Fang et al. [10] and
Ali Turkcan et al. [11].
Pioneering research by Gray and Ryan [12] in a port fuel
injected diesel engine exposed remarkable reduction in NOx
emissions, with levels being a factor of 100 lower than those
of conventional diesel combustion. In addition, smoke levels
were also reduced to near zero level. Further studies by Chris-
tensen et al. [13] on multi-fuel capability of HCCI engine with
variable compression ratio revealed improved combustion
quality and stable operation with very low levels of NOx emis-
sions at optimum operating conditions. Stefan Simescu et al.
[14] investigated the PCCI-DI combustion in a heavy-duty
truck engine. In their study, air assisted port fuel injector
was used to inject well atomized diesel fuel in the intake man-
ifold while a standard electronic fuel injector was used for fuel
injection near top dead center. Based on the experimental
results, it was observed that smoke emissions showed a mar-
ginal increase in the amount of port fuel injection. On the con-
trary, both CO and UBHC increased with port fuel injection.
Also, experimental investigation by Cinar et al. [15] on the
effects of pre-mixed ratio of diethyl ether on the combustion
and exhaust mechanism of a single-cylinder direct injection
diesel engine disclosed that the NOx and soot emissions
decreased signiﬁcantly. Thus, momentous reductions in NOx
and soot emissions from HCCI engine using pre-mixed fuels
were conﬁrmed. Additionally, several studies have been per-
formed on HCCI combustion with different fuels, from con-
ventional diesel and gasoline to various bio-fuels and their
mixtures such as bio-diesel, ethanol and bio-ethanol [16–18].
Over the last decade, numerous research works have been
conducted all over the world using ethanol and bio-ethanol
diesel blends in diesel engines [19–22]. However, bio-ethanol
has very limited solubility in diesel fuel and the solubility of
the bio-ethanol and diesel mixture depends on the water con-
tent of the blends, hydrocarbon composition of the diesel fuel
and environmental temperature [23]. Therefore, the use of
ethanol–diesel blends has been widely studied and the primary
intention of such study is to reduce NOx and particulate mat-
ter emissions. Since both the emissions (NOx and particulate
matter) have direct health threat and NOx in particular is an
important precursor of tropospheric ozone, the present
investigation is aimed to reduce NOx and smoke levels in a
dual-fuel (port injection of ethanol and direct injection of
diesel) single cylinder compression ignition engine converted
to operate in premixed charge mode.2. Experimental setup and test procedure
A single cylinder direct injection diesel engine was converted to
operate in the dual-fuel mode with port fuel injection of etha-
nol and direct injection of conventional diesel fuel. The speci-
ﬁcations of the research engine are listed in Table 1. Fuel
properties are compared in Table 2 and the test engine setup
with premixed fuel injection system is shown in Fig. 1. In a
nutshell, the experimental apparatus composed of a single
cylinder direct injection diesel engine, ethanol port fuel injec-
tion system with fuel pump, exhaust gas analyzer and smoke
meter. In this work, the port fuel injection of ethanol was pre-
cisely monitored by means of an electronic control unit and the
quantity of ethanol to be injected was calculated based on
energy basis using Eq. (1).
rp ¼ mehe
mehe þmdhd ð1Þ
where rp is the premixed ratio, me is the mass of ethanol, md is
the mass of diesel, he is the lower heating value of ethanol and
hd is the lower heating value of diesel fuel. Therefore, the pre-
mixed ratio (rp) 1.0 is equivalent to homogeneous ethanol com-
bustion conditions and rp = 0 corresponds to conventional
diesel combustion conditions.
The desired quantity of ethanol is injected at 4.5 crank
angle before TDC. Furthermore, the present investigation
was carried out by varying premixed ratios from 5% to 30%
with increase of 5%, and the maximum premixed ratio in this
work had been limited to 30% since the quantity ethanol to be
injected increases approximately twice owing to the lower
heating value of ethanol. Secondly, in order to minimize wall
wetting issues with ethanol injection, the quantity of ethanol
fuel injected was restricted to 30% of premixed fraction. On
the whole, the inﬂuence of e-diesel dual-fuel on emission
characteristics was experimentally investigated and discussed
in-detail in this work.
3. Uncertainties in emission measurements
Generally, uncertainty analysis is desirable to prove the accu-
racy of the experiments. In this research, the percentage of
Table 2 Comparison of fuel properties.
Properties Ethanol Diesel
Density (kg/m3) at 15 C 789 840
Kinematic viscosity (cSt) at 40 C 1.2 3.2
Heating value (kJ/kg) 26,000 42,500
Heat of evaporation (kJ/kg) 840 290
Cetane number 6 51
Carbon content (mass %) 52.2 87.4
Hydrogen content (mass %) 13 13.4
Oxygen content (mass %) 34.8 –
Sulfur content (mg/kg) <50 –
Table 3 Percentage of uncertainty for various emission
parameters.
Parameters Uncertainty (%)
NOx 2
HC 2.8
CO 0.08
Smoke 2.2
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NOx, smoke intensity, HC, CO and exhaust gas temperature is
listed in Table 3. Also, the uncertainties in the measurements
of NOx, smoke intensity, UBHC and CO emissions are given
below:NOx1-A
2-A
3-M
4-E
5-Fl
6-Fu
7-C
8-Fl
9-M±6 ppm in the range of 0–300 ppmSmoke intensity ±1.1 BSU in the range of 0–3 BSUUBHC ±7 ppm in the range of 0–20 ppmCO ±0.16% vol in the range of 0–2% volir surge tank 10- Re
uxillary fuel injector 11-Por
ain fuel injector 12-Dat
xhaust gas analyzer 13-Cra
ow meter 14-Eng
el injector pump 15-Fly
harge amplifier 16-Dy
ow meter 17-Pre
ain fuel tank 18-Fue
Figure 1 ExperiExhaust gas temperature 1.24. Results and discussion
4.1. Oxides of nitrogen emissions
The variation of brake speciﬁc oxides of nitrogen emission
(in g/kW h) with respect to load (%) for various premixed ratios
is shown in Fig. 2. The concept of premixing fuel and air in the
intake port has brought downmixture temperature and this pre-
cooling effect might be the reason for reduction of in-cylinder
combustion temperatures. Besides, improved homogeneity
due to premixing ensured that more air is now utilized by the
fuel. In fact, this factor might have paved way to bring down
the oxides of nitrogen level for premixed fuel–air mixtures.lay controller
t fuel tank
a acquisition
nk angle encoder
ine
wheel
namometer
ssure Transducer
l control valve
mental setup.
Figure 2 Variation of brake speciﬁc oxides of nitrogen with load.
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oxides of nitrogen reduction range are about 43% at 25% load
to about 48% at full load for 30%premixed fraction when com-
pared to base diesel. As seen from Fig. 2, the oxides of nitrogen
emission values at full load (100%) are lower for all premixed
ratios when compared to neat diesel. This trend apparently dis-
closes the cooling effect of ethanol addition on in-cylinder gas
temperature of premixed charge compression ignition.
4.2. Smoke intensity
The effect of various premixed ratios on the smoke intensity of
e-diesel dual-engine engine is shown in Fig. 3. In this work,
smoke intensity decreased signiﬁcantly with the premixed
fuel–air mode up to 20% premixed charge as compared to base
diesel. One possible reason for this reduction might be near
homogeneous mixture preparation and the other possible rea-
son might be the increase in ignition lag due to high latent heat
of ethanol. Furthermore, smoke levels at 25% premixed charge
were much closer to conventional diesel. However, it increased
for 30% premixed charge. The primary reason for the trend
might be the poor mixing of air with relatively more quantity
of fuel and also a change in the start of combustion as the
premixed charge undergoes combustion earlier.
4.3. Hydrocarbons and carbon monoxides emissions
Variation of unburned hydrocarbons with respect to load for
various premixed ratios is shown in Fig. 4. In this work,Figure 3 Variation of smunburned hydrocarbons increased with increase in premixed
fractions due to reduction in excess air with increasing premix
fractions. The peak value of unburned hydrocarbons was
noted for 30% premixed ratio. Moreover, unburned hydrocar-
bons were much higher at lower loads (especially at 25% load)
due to over-leaning of the mixture, which could not have sus-
tained the combustion as it is beyond the ﬂammability limit.
Therefore, premixed charge at lower loads might have under-
gone poor combustion. Nevertheless, at higher loads, the
higher temperature inside the combustion chamber might have
contributed to better combustion during premixed charge
mode. Overall, unburned hydrocarbon from premixed charge
operation is still higher than base diesel operation.
The similar trend noted with unburned hydrocarbons at
low loads was evidently seen for carbon monoxide emission
as shown in Fig. 5. However, the trend reversed at higher loads
due to the presence of oxygen in ethanol and higher in-cylinder
temperature at higher loads. But there was an increase in car-
bon monoxide emission with increase in premix fraction. This
increase can be explained by the high latent heat of ethanol
and another possible reason might be the effect of longer igni-
tion delay due to ethanol addition.
4.4. Exhaust gas temperature
The variation of exhaust gas temperature with respect to load
for various premixed fractions of ethanol is shown in Fig. 6.
The exhaust gas temperature increased with increase in engine
load and it decreased with increase in ethanol fraction. Theoke intensity with load.
Figure 4 Variation of brake speciﬁc hydrocarbons with load.
Figure 5 Variation of brake speciﬁc carbon monoxide with load.
Figure 6 Variation of exhaust gas temperature with load.
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increase in in-cylinder temperature with engine load. On the
other hand, the decrease in exhaust gas temperature with pre-
mixed ratio is the reduction in peak combustion temperature
due to ethanol substitution. In this work, it was clearly wit-
nessed that there is a substantial reduction in exhaust gas tem-
perature particularly with 20% premixed fraction of ethanol.
5. Conclusions
The following conclusions are drawn from the experimental
results conducted in a modiﬁed single cylinder diesel engine
operated on partial premixed charge compression ignition
mode.
1. There was a noteworthy reduction in oxides of nitrogen
emission with increase in premixed fraction of ethanol.
Nearly 48% of oxides of nitrogen reduced for 30% pre-
mixed fraction compared to base diesel at full load.
2. Smoke intensity of premixed fuel–air mode decreased sig-
niﬁcantly up to 20% premixed charge as compared to base
diesel. Furthermore, smoke levels at 25% premixed charge
were much closer to conventional diesel. However, it
increased for 30% premixed charge.
3. The effect of premixing demonstrated negative results with
unburned hydrocarbons and carbon monoxide emissions.
In this study, with increase in premixed fraction of ethanol,
unburned hydrocarbons and carbon monoxide emissions
increased, and the peak value of these emissions was noted
for 30% premix fraction.
4. In this work, the exhaust gas temperature also decreased
signiﬁcantly up to 20% premixed charge operation. Addi-
tionally, the temperature values were much closer at 25%
premixed charge and increased above 25% premix fraction.
5. On the whole, this work proves to fundamental research to
envisage zero emission vehicles. Nevertheless, future efforts
should be taken to substantially reduce unburned hydrocar-
bons and carbon monoxide levels along with nitrogen oxi-
des and smoke intensity by incorporating cost effective
after treatment methods, multiple injection strategies and
use of fuels with different reactivity in a premixed charge
compression ignition engine.
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